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A general survey is given of our present knowledge in this

A .Schram*

field. Important discrepancies between the experimental re-
sults and the theoretical explanations put forward by the
different authors are pointed out. The complexity of the
phenomenon is- emphasized and the relative importance of
the different elementary process is discussed. A limited
choice of research‘is proposed for desorption in vacuum.
Theoretical calculation based on simplified models is
compared with some experimental results. It is stipulated
that the true surface area must be known; a simple experi-~
mental method for measuring this surface is described. The
experimental curves of desorption are discussed taking ac-
count of preliminary results of true surface area measure—
ments. In unbaked systems the absorbed gas layers at the
surface are proved to yield the most important part of the
total desorption rate. The residual desorption of baked
systems in ultrahigh vacuum techniques seems more likely to
be a bulk (diffusion, permeation) rather than a surface

phenomenon. Analysis by mass spectrometers such as the

omegatron is recommended. é%
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INTRODUCTION

The kinetic theory of gases places a theoretical limit on the maximum pump
delivery that can be realized for a given enclosure. To obtain a vacuum as low
as 107 torr, it is necessary to reduce the desorption rate of the materials
used., Baking, which is the classical process in tube making, is a highly ef-
fective method but often difficult to apply in large and highly complex units.
Therefore, it is of importance to be thoroughly familiar with the mechanism of |
vacuum desorption or, more generally, with the interactions between gas and
solid along their interfaces at low pressure, if a more rational means of con-
trol is to be discovered.

T@Egmparticular report has the purpose of making algyalitative and quanti~:
tative analysis of the experimental data on desorption at‘ambient temperaturng
which data are beginning to be available in a relatively large volume. For
this, we start from some rather simple hypotheses on the élanentary mechanisms
and the binding energies of adsorbate-adsorbent. The total amount of desorbed
gas, experimentally determined and calculated, is such that a revision of the
concept of "surface" becomes necessary. We will describe some surface models,
give several preliminary results on specific surface, and indicate research
trends. Next to knowing the geometry of the surface, its physical character-
istics are of importance for understanding the nature and magnitude of the bind-
ing forces between solid and adsorbed gases; this constitutes still another re-
search direction. The importance of diffusion and permeation will be discussed,

In addition, the necessity of developing high~precision methods for measuring

and analyzing extremely low desorption rates will be explained.



1. Measuring the Desorption Rate

A number of vacuum specialists have measured the desorption rate of vari-
ous materials used in vacuum technology; we cite particularly Dayton (Bibl.1,
2, 3), Blears (Bibl.}), Jaeckel and Schittko (Bibl.5), Santeler (Bibl.6),

Power and Crawley (Bibl.7), Henry (Bibl.8), Geller (Bibl.9), and Boulassier
(Bibl.10)., Recently, Dayton (Bibl.3) made a survey of the present knowledge
within this field., He proposed a theoretical interpretation of the test re-
sults, with special emphasis on the diffusion of gas in the solid toward the
vacuum end. Krauss (Bibl,11) believed that principally a surface phenomenon 156
is involved here., The experimental curves of the desorption rate, plotted as a
function of the pumping time, frequently show widely differing slopes for one
and the same material. In general, straight lines in log-log presentation are
involved, with slopes varying between -0.5 and -2. It is well possible that

the experimental techniques and the preparation of the specimens (as well as
the composition and constitution of the material) are responsible for some of
the deviations. We conducted several experiments, using the conventional method
of pumping from the vessel containing the specimen across a weak conductance of
known value; however, we made continuous comparisons with an identical evacu-
ated vessel, thus eliminating the influence of desorption of the vessel to the
greatest possible extent. Figure 1 shows the experimeqtal device.

A1l joints are of metal and a freeze trap eliminates the influence of oil
vapors.,

The desorption per cm? of the specimen is equal to

C
=3 (b1 — p2)



where

q = desorption rate, in 1 « torr/sec ¢ c® (or in particles/sec » cm?)
C = conductance of the orifice, in 1/sec (or in particles/sec)
A = surface of the specimen, in cm®.
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Fig.l Measuring the Desorption Rate
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The measurements are excellenuiy repruvuuciuvice na Systematic error, due to

the difference in desorption from the two vacuum bell jars, is equal to

where AK denotes a difference of the manometer constants equivalent to the dif-

ference of the desorption curves q = f(t) of the two vacuum jars:

1
and Ai:k(Pl"’m)

i=mlK



This error does not influence the slope of the curves; the conductance of
the orifice is of the order of 1 1/sec and the surface of the specimens of the
order of 10® cm®. The specimens are degreased with trichloroethylene and

cleaned with ethyl alcohol., Figures 2 and 3 show several curves for metals and

nommetals.
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Figures L, 5, and 6 give the desorption rates and the slopes of the q = /57
= f(4) curves after 1 hr, 10 hrs, 25 hrs, and 50 hrs of pumping, for different
materials.

After 10-hr pumping, the slope is still between -0.4 and -2 and, specif-
ically, the metals remain in the vicinity of -1 and, rarely, near -0.75.

2. Various Elementary Mechanisms

Desorption in vacuum is a highly complex phenomenon. The elementary mech-



anisms to be considered are the following:
Adsorption

Adsorption can be either physical (we are thinking specifically of capil-

lary condensation) or chemical. In the former case, the energies involved are
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extremely low and we agree with Dayton that they can be neglected since, theo-
retically, a few minutes of pumping are sufficient to eliminate any trace of
physical adsorption of the usual gases. Chemical adsorption can be activated
(slow adsorption) or nonactivated (rapid adsorption) and can take place after a
preliminary dissociation of the molecule or else directly. Chemisorption never

.extends farther than one monomolecular layer.



Absorption

Adsorbed particles are able to go in solution within the solid by diffu-
sion. For this, an activation energy is necessary, i.e., a slow phenomenon at

ambient temperature is involved.

Surface Desorption

This phenomenon is the opposite of adsorption and requires an activation
energy equal to the sum of the binding energy and the activation energy of ad-
sorption., The binding energy is not necessarily constant over the entire sur-
face, either because of heterogeneity of the surfaces or, which is more prob-

able, because of interaction between the adsorbed particles.
Diffusion

At the interior of the solid, the gas may diffuse toward the surface be-
cause of the concentration gradient and because of having acquired the neces-
sary activation energy. Here, a diffusion through the crystals constituting the
solid or else a diffusion along the grains in the fissures and pores may be in-

volved. The concentrations and, specifically, the activation energies will

differ widely.
Permeation

Gas is able to permeate the walls of a vacuum enclosure by adsorption on
the external surface, followed by diffusion, generally after preliminary disso-

ciation .



I 1 hour . 10 hours - 25 hours 50 hours
Material i Treat ment 0 ’ 1o 0 10
| s"l(lm’2 slepe ‘is‘l()cm"zlf shope s"locm"1 slope l"l(lm'z slope
Gold Crude wire 515 2.1 1.8 1 0.68 | 034 | 09
Mild steel pickled 1012 0.6 | 960 0.7
Aluminum virgin 20.5 | 1.95 I 0.76 | 0.28 1
Aluminum |degassed 24 h 13.5 3.2 i 0.9 0.54 09 0.22 0.9
Aluminum 3 hrs in air 213 1.9 1.55 0.9 0.68 0.9 0.35 0.9
Aluminum Crude 20.2 1 1.09 09 0.86 0.9 0.5 09
Aluminum oxid. Anod. pores 2 cit 900 09 105 09
Aluminum oxid. Anod. pores 5 ct 90 01 16 3
Aluminum oxid. Anod. th2u
r # 2cu 110 25 3.3 1 N
Aluminum ox . Anod. th.2u, r # | )
2ecpedIx in air 100 0.9 15 27
Aluminum ox . Anod. th20p
Aluminum ox . Anod. th.20u 800 1.3 60 1.3
r# 2ct lmo in
air
Aluminum ox. Anod. th. 1001 4000 13 320 1.3
at30V.r#2cn
Aluminum ox. Anod. th.100 1 at 6000 1.4 390 1.4
OVr#2cu. | mo
in air
Aluminum ox. Anod. th.!100w at 4800 1.3 370 13 130 1.3
SOVr> 2cn
Aluminum ox. Anod. th. 100 at | 7500 1.7 | 400 17 40
S0Vr>2ce | mo "
inair 1
Copper Mech, polished 1.4 ] 1.16 | lx 047 1 | 023 !
Cu ~ OFHC | Crude 6r.2| 13 | 4 30 13 13
Cu - OFHC | Mech. polished 6.2 11 0.53 02 1.1 012 | 04
Cu Crude 130 ! 13.5 | boo57 t i 18 1
Fig.,h Experimental Desorption Constants
| hour 10 hours H 25 hours H 50 haurs
MATERIAL TREATMENT 1010 s;l lope IO‘"s.;l slope !5 !0‘03:1 !l slope ;i 1010 s;'l slape
cm - 13110 ooem”* Loem™"
Mild steel Chrom.,electrocrude| 23 [ 1.9 P08 o1 | 04 1
Mild steel Chrom.,electro ,pol | 29.7 | 26 S A A ! 0.48 I
Mild steel Ni,electro, crude 138 09 138 09 0.57 09 l|
Mild steel Ni,etectro-pol. 9 1.1 0.76 1.1 03 [
Mild steel Ni,chem., crude 27 [ 23 | 0.9 vl 042 1
Mild steel Ni,chemical. pol. 17 l 15 L0 1028 [
Stainless ICN 472 crude 44 0.9 4.8 0.9 2 09 |
Stainless ICN 472 sand-cast 27 12 3.4 0.8 i
Stainless NS22S pol. mech. 5.6 0.5 1.5 0.7 0.72 0.7 1 0.43 0.7
Stain)ess NS223 pol, electr. 14 } 14 ) 0.5 122 \' 0.2 1.2
Stainless NS22S crude 47 1.3 44 1.9 1.1 2.4 ii ’
Mol ybd, crude 17 [ 1.2 I 0.5 09 I 03 09
Sultur-Zn crude 720 14 |l 105 08 | 63 03 |l s 0.05
Ti crude 37 0.6 6 RN 02 |
Ti crude 13 ! 12 Il 04 02 I

Fig.5 FExperimental Desorption Constants
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3. Kinetics of the Elementary Mechanisms

Chemical Adsorption

In the terminology of Trapnell (Bibl.12), the chemical adsorption is ex-

pressed by
@M 2 = 2
dt VIrmkT |
==
¢ —> |
without dissociation: f(0) =1—96 '

with dissociation:

(or one molecule adsorbed on two sites)

tati
() = z 0(]-—0? : stationary layers
z—

with 0 _ ¢ (“ + 1¢) moving
fy< =0 =0 e layers
I + ¢ v, = ¢ VIRT
L for 1or - we have

Here, V is the interaction energy between adjacent particles, while Z denotes /59
the number of directly adjacent sites. The probability of adsorption (sticking

probability) is defined as

s = Gf((’) C—“

-
a

-

It was found that s is constant for 8 between O and about 0.3. Probably, a phys-
ical adsorption on already chemisorbed particles is involved here, followed by
a superficial diffusion toward sites free for chemisorption. Consequently, for
0 < 8 < 0.3, the above expressions f(6) are not always valid.

When the pressure of the ambient gas is very low and when the surface is

already extensively coated, f(8) and 3(p) will also have very low values so

9



that, specifically if the adsorption is preceded by a dissociation, dn becomes
negligible.

Chemical Desorption

In general, E is not constant but is a function of & (or of n). Specifi-

cally, we will study here the case of E = Ky ~ o0, which will lead to the Temkin

! hour 10 hours ! 25 hours :li 50 hours. |
, Y , y
MATERIAL TREAT MENT || o e 100wt il 0o, 1| «

-2 ope em-2 | store |17 ope || 2 ope
Gaflon . Crude 543 08 108 0.9 57 0.9 37 09
Perbunan Crude 10 000 0.15 || 3 000 0.6
Molybd. glass Crude tube 21 1.1 1.3 1.1 i
Pyrex glass Crude 24 i1 1,8 V.7 \
Pyrex glass | mo. inairsir 3.8 0.9 0,53 0.7
Araldite ~ Molded 3 800 0.8 1 150 08 700 08 " 490 08
Terephenyl Crude - 2 030 0.5 550 0.5 330 0.5 204 0.5
Viton A Crude 372 0.8 1 000 0.4 604 0.4 400 0.4
Viton A 8t 170°C 3 hrs in vac. | Zﬁh ! 100 13 4 40 1.4 19 1.5

Fig.6 Experimental Desorption Constants
isotherm if it is assumed that

dn (dn)
— — =0
( l)nds + dt? ds
: al)

ie ———— = log €,

j s (1—1)

where j = 2 or 1, depending on whether thereis a dissociation or not.
We will discuss here the physical reasons for this linear dependence of E
on 8. It may well be possible that heterogeneity of the surface, interaction

between particles, or gas mixtures at different Ey are involved; however, this

is of no importance for the reasons given below.

10



£ d -
kSO & o Y ap T <2’

If, for adsorption, the constant ¢ actually is a constant independent of n,

the value of K (or of A) is even more disputable. In the following, we assume

K to be constant.

If the particles are adsorbed without previous dissociation, we have

7 =29.
In the opposite case, we have £ =02,
In the case of physisorption or chemisorption without dissociation, the Polanyi-

Wigner equation will permit an interesting identification of K:

Q.

I
—n:_.bna ()e-m' H (3)

a.

and thus K = 9n, .
Here, 0 has the dimension of the inverse of a time of the order of the vi-

bration period of the particles, vertically to the surface

dn 9 >
-—t=-—nLT-wi*h T = 7gelt!
d = ' ne
=2 K="
T0 ) To
This represents the sticking time 7. /60

Above, To is of the order of 10® sec so that, in this case, we can attri- .
bute a value of 10°® particles/sec - e to K. Assuming that one monomolecular :
layer is composed of 10*8 particles/cm?, by using known values of the physi-
sorption for E (up to about 10 kcal/mole), it seems that the sticking time is

extremely short and, consequently, the desorption is extremely rapid.

11



5. Remarks

In the remainder of our discussion, —%%- will denote the variation in the

number of particles per true unit surface, i.e., the experimentally measured
rate of desorption, which we will also denote by q if the true surface is equal

to the apparent geometric surface. Consequently, their value will be negative.
Diffusion

The two Fick laws permit calculating the gas flux diffusing per sec/cm? of

surface:

3 =:l)5:3 (h)

where C denotes the concentration, D the diffusion constant, and Q the activa-
tion energy.
Depending on the boundary conditions, different solutions will be obtained.

1 - Assuming a semi-infinite solid:

c@.0 = Co
dC
q = - D(-D—;)Iso
the solution will be
Co[: x } I
Cr,)== 11— —
(x ') 2 erf 2\/2)—' \ (5)

from which it follows that the amount of gas transferred by diffusion to the

solid-gas interface for x = O, per unit surface and unit time, will be

-y |
q—'—'z‘ .

— 1eg [ Co 5]_‘. n
log(—q)—log[2 J;—t 2logl |

1=

(6)



2 - Assuming that the solid is limited by two parallel planes (layers of

a thickness 1)
C@ ) = GCo

o= =25,

4G S | . 2a+Nrx
C‘T—.’Zzn+|"“ z

[_ D(2n + 1)2n2 z}

the solution will be

. )

and q = ~,“7{-E%11]! if the calculation is limited to the first

term of the sum.

It is easy to demonstrate that this latter solution for q can also be
written under the form of the first solution (linear law with the slope -1/2 in
log-log coordinates) if 4 becomes greater than ,mDt. This condition (for hydro-
gen, D is of the order of 107% to 107!° cn?/sec in conventional metals and even:
much lower for the other gases) will almost always be satisfied for normal
values of D and for times that are not too short. Then, it can be stated that
from £ = 0.01 cm, the solution for the semi-infinite solid will remain valid.

At the beginning of desorption, a thin layer underheath the surface, specifi-
cally if the concentration there is high and the diffusion coefficient relative-

ly large, may lead to a diffusion with an exponential decrease in q.
Permeation

Permeation is defined as

in the stationary regime where 3C is the concentration gradient which is

ox

13



assumed as constant between the two surfaces. Because of the exponential de-

pendence of D on the temperature, we can write
~ A
P = Py e RT

Practically, the same activation energy that prevails in diffusion is involved
here. In fact, permeation is a much more complex phenomenon since the surface
phenomena such as adsorption, dissociation, and absorption may play a pre- /61
dominant role. The solubility of the gas, as a function of the temperature
(generally, a function increasing with the temperature), led Richardson to de-

rive the following formula:

b

P :%\/—P_T e T

where { denotes the thickneas of the wall, k is a constant, p is the pressure
(in the general case in which the molecules are first dissociated before being |
absorbed), and b is an activatién energy.

It is thus obvious that the state of the external surface, where the gas

enters, will frequently be determining for the permeation.

Expressions for q = f(t)

We will derive below expressions q = —g%— = f(4) for various cases that
may be encountered.
The basic hypotheses are extremely simple:
K (or A) in the expression for the superficial desorption is constant.
Only one gas is involved.
The temperature is constagt (ambient temperature).

No hypothesis will be made as yet on the concept of surface.



First Case: Negligible adsorption above ambient pressure (p practically equal

to zero).
1.1 Without Dissociation
For example the case of CO.

1l.1.1 E = E, constant

Integration is direct

d d s
log (-— d—';) = log (— J'r;), —Ae BT (1 —p)
or |
log (— q) = log (— qo) +;‘qn(l-—lo)

(8)

(9)

Consequently, q = f(t) is a straight line in semilogarithmic coordinates with

1 . . :
a slope % where n, is the saturation concentration per en® of surface.

1.1.2 E=F -« -‘-‘n: (Temkin isotherm)

a2 ). L
:.:_';=_A"e (" n.) RT

Deriving with respect to t and eliminating A, we obtain

d*n (1 dn\? o
d:‘l—('n'+a)(d_t)=o“ P=2R

T
I

(10)

(11)

After finding simple solutions for this differential equation, two extreme

cases can be considered:

|
1.1.2.1 ';<3

i.e., n is very large, of the order of magnitude of n,, or (and) o is large, of

the order of magnitude of 10 kcal/mole or more (this reduces to considering n

15



constant in the nonexponential term).

The solution then becomes very simple

i
(ii, o dt 0
dt dn
B((‘l—")o(l—to)—l
or g0
9 1 — B go(t—to)
(12)
(it should be noted here that q and @ are negative).
Since fq, here is roughly of the order of 1, we can simplify for t >
> 100 sec:
|
T T E—
log(—q) = — logﬂ—‘og(l—lo)
(13)

In this case, q = £f(t) is a straight line in log-log coordinates with a
slope of -1. Frequently, the metal surfaces obey this law of desorption, even
up to 100 hrs of pumping. Below, we will demonstrate that then the condition

—%— < B must be taken into consideration:

,\
1.1.2.2 no B /62
This applies if n is small, or @ is small, or n and o are small.

The differential equation is the same as that given for E = K, i.e.,

l i
log (— q) : log (— qo) + 4o (t — to) | (9)
1.2 With Dissociation
l1.2.1 E = B, constant
dn ~Ls |
S =—Am T (1)



The integration is direct

‘&'=(d_") I |
dt dlo[l dn) (l—fo)z 1 (15)
+(7),5 } |
|
or, for a sufficiently large t,
dn_ m 1 |
d¢ (@) (t — 10)? |
Aty
log (— ¢) = log (— ‘) — 2log (t — to)
, qo » (16)
i.e., g = f(t), in log-log coordinates, becomes a straight line at a slope
of -2.
1.2.2 E=F -« % (Temkin isotherm)
d (". n 1 1
dn _ 4, —(5=3%) 77
e Ant e l (17)
dn? 2 dn\?
_— | 2] — — 1 *
d 2 (+.a)()——0at 8 =
t n dt ns RT (18)

Again, we will differentiate between two extreme cases which yield the

same solution as in the case without dissociation.

1.2.2.1 2
=<3

@
dn _ di/y

o (f,—’;)o»(c —)—1

and, for a sufficiently large t,

log (— q) = — log B8 — log (¢t — to)

17



2.2.2 294
n

This condition is physically equivalent to a constant energy E, i.e.,

2
] —q)=lo -—':.“ — o— l
og (—g) =1 g( qo) 2 log (t —to) | (16)

Second Case: General Case.

The measured desorption is lower than the true desorption in view of the
fact that also a re-adsorption occurs above the pressure of the ambient gas in

the experimental enclosure.
lo E = E()

Without Dissociation

dn — B ) <l
= AR DT )y (19)
Eo _"_". ‘
By settip— Ae KT andC=De !tT *I
the following solution is immediatéij obtained:

d"

3= — B+ Cp)exp[—(B+ Cp) (t — to)]

log (— q) = log [(B + Cp)ns] — (B ~ Cp) (t —
q og ( P)n) ( P)( f[)) (20)

i.e., a straight line in semilogarithmic coordinates with a slope that in-
creases in absolute value with the pressure. It is obvious that p = 0 gives

the same solution as eq.(9).

With Dissociation

| ke — L
e Apte BT +De " (ng—n)2p (21)

which is a difficult differential equation. However, if n differs little /63

18



from n  and if p is low, the adsorption term may be more readily neglected than.

in the case without dissociation.

2. E = E —al
na

2.1 Without Dissociation

If B is replaced by Fy - o -%— in eq.(19) and if we derive toward t by
8

eliminating A, the following is obtained:

d2n I dn\?
=G e) (§)

+Cp[(m—n) (—';+ §)+i]‘ﬂ'=o

dt (22)
Only the extreme case =< < B yields a direct integration:
n
dn
o) *
dn PAd 0 (23)
dt [dn ' dn) ] .
[C (i —_— — — (t—to)Cp
? (df)o [ﬁ (dt TP
if p is small:
()
? = dt/
t o, (dn dn , (2n)
g (.d——l)o - [B (d‘t()o - Cp] (t — to)
For sufficiently long times, we can write
’ !
dn o l !
dt ! ;
[’C (;_,;)‘]ﬁf—w ‘x
dt/o ‘
or |
!
]og (— q) = — log [3 —g’] - l°g (l - ’U) :
qo (25)

19



i.e., this again yields a straight line with a slope of -1, in log-log coordi-

nates.
2.2 With Dissociation

The differential equation analogous to eq.(22) then becomes

- dZn 2 dn\?
e () (§9)

4+ Cp(ny —n) [Z + (ns — n) ("2"' *3)] :‘!‘: =0 J (26)

Let us again differentiate two extreme cases:

Sl
Physically, this means that we are at the beginning of desorpticn, i.e.,

n, ~ n, which goes back to the differential equation without adsorption:

d%n dn\?
d—ﬂ"‘"(ﬂ) =0

with the same solution as that of eq.(13), i.e., a straight line with a slope

i

of -1, in log-log coordinates.
2.2.2
This corresponds physically to the case E = E,, leading back to the solu-

tion of eq.(20) (without dissociation).
|

i
i

;5. Total Amount of Desorbed Gas

i
!

5 For the various forms of the functions q, it is possible to find an ex-

bression for the total amount desorbed between ty, and t by simple integration.

i
P

20




~Yt

The formq = a e yields

Ql_“ -~ ny “ — qo(l——lo;] ‘ (27)
| |

The form q = —:— gives |
. . I I
RT d = i *
Qt—te = ——=1] [I +’ﬁ;—r(! —lo)} { (28}
The form q = ‘i%’ yields | - . i

z ¢ |

Figures 7 and & represent a compilation of the various laws q = f(t) in /6L

|
accordance with the extremely simple hypotheses adopted here. |

|

i

!

. . i

7. Discussion |
: I
|

Experimentally, metallic surfaces in most cases desorb in accordance with?

a law approximately in 1/t. The last Table (Fig.10) indicates that the phe-
"_ nomenon can possibly be described by a Temkin isotherm, i.e., E = E - o —é} R |
P 8

brovided that the concentration of particles adsorbed on the surface does not
differ too much from the saturation n, and that o is relatively large, of the |

order of 10* cal/mole or more. This also holds for molecules that are first

|
dissociated as well as for the other molecules and even for the case that an Z

adsorption takes place, under the condition that the pressure remains very low.i

: F
Plastic materials such as araldites, various types of synthetic rubber, |

|

etc. generally desorb in accordance with a law near 1//&. 1In that case, diffu-

|

%ion is definitely the predominant phenomenon. Let us mention the specific

y

kase of Viton A for which we have plotted a curve in 1//f before thermal

&reatment in vacuum and a curve in 1/t several hours after this treatment:

First, we obtained a diffusion of the gas in solution, which was largely elimi-
; |
| |
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nated by the treatment, followed by surface desorption. It is also of interest

that various types of transparent plastics (pyrex and molybdenum glass) desorb
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Fig.7 Desorption at Constant K (or A)

in accordance with 1/t at ambient temperature, which apparently eliminates /65
the diffusion. Certain curves for metals published by Blears (Bibl.,) show, in
log-log coordinates, a slope of the order of (-2) while other curves approach

a straight line in semilogarithmic coordinates. According to Fig.10, it seems

22



that the former may be explained by a desorption of particles dissociated on

the surface with a constant binding energy or with a binding energy decreasing

|°g"('Q) : N e ;
1 :

3— %_» e
12__7\23

1" \ . ’7.‘ % ‘
10 ;
9

2
v

0 1 2 |og,°t(hours)

Fig.8 Curves q = f(t)

Diffusion.

2) q~ e Without adsorption. E = F - o —Ei and -%i <P

With or without dissociation.

With adsorption E = ¥y - & -%E and —%T < B
With dissociation.

Without dissociation if p is small.

3) g~ — Without adsorption. With dissociation E = K,

n 1
E = - — and — ® B
fo n, n

L) q~ et Without adsorption, without dissociation E = K,

n 1 N
= - —— _ >
E=E -« - and = B

With adsorption, without dissociation E = E,

5 a=o Permeation in stationary regime.

linearly with the rate of deposition (Temkin) but at a very low concentration

and (or) a negligible variation in this energy; the other curves may be ex-

23



plained by a desorption of undissociated particles under the same conditions. |

Although cases exist in which the curves q = f(t) retain a constant slope
during a time of about 100 hours, it is obvious that only a part of the total
desorption is involved here; specifically the gas flux q, the initial desorp—%
tion, and the very low final rate of desorption (107*°1 - torr/sec ° an) are
extremely difficult to measure. It is impossible to represent all phenomena of
desorption on the basis of a single isotherm. An experimental slope, inter-
mediate between 0.5 and -1 or between -1 and -2, can be explained on the basis
of intermediate hypotheses (see Fig.l0) and specifically on the value of -%—

with respect to B = and the relation between E and 6. In some cases,

ng RT

the slope of the curve shows an inflection toward values lower than -1 after a -

few tens of hours of pumping: Here, the diffusion starts playing a role.

8. The Surface Problems

On integrating the experimental curves or on calculating the total desorbed
quantity according to a formula corresponding to the experimental curve, values
will be found which frequently exceed 100 times the quantity furnished by a
monomolecular layer of the apparent geometric surface.

It is understandable that, for this reason, surface desorption was not
believed to be the principal mechanism and that diffusion was held responsible
for the observed desorption rate. However, it seems much more logical - in
accordance with our above statements - to assume that surface desorption con-~
stitutes the main mechanism and to expand the surface concept. The ratio of
the true surface to the apparent geometric surface f, which may be denoted as
the specific surface, therefore must be able to exceed 100 or, which comes to

the same, n, must be able to exceed 10'7 particles per enf of apparent surface.
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In this case, at a f of several tens, the hypothesis of the Temkin isotherm
(E=FK -« -%}-) and an evaluation of the quantity g, will permit to use the
experimental metal curves of -1 slope for calculating an o of the order of

10 - 20 kcal/mole and a Fy of the order of 50 kcal/mole. These figures seem

“External’’ Surface

AT, 2O fara

4 2
¢&M%§%2%z% SNINY 7/=“A)=2

=(14) =28
“Interncl” Surface

Fig.9 Surfaces

quite reasonable in accordance with our present knowledge on chemisorption
(Beeck, Becker, Roberts, etc.; Bibl.13, 14, 15).

A determination of q presupposes that it is possible to evaluate the
instant at which the physical desorption is terminated and the desorption of the
chemisorbed monomolecular layer begins. This distinction is highly schematic
but, if the lower limit of the chemisorption is fixed near 5 kcal/mole, a time
of the order of 15 - 20 min will be found.

This hypothesis also yields an explanation for the fact that the slope -1,
in log-log coordinates, remains constant up to several hours of pumping because
of the fact that n remains relatively high and the condition —%— < B remains

satisfied. Practical experience also shows that, after baking, there is still
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a large amount of gas present which escapes as soon as the temperature is in-
creased slightly above the bake-out temperature. An adsorption occurring at
atmospheric pressure on the baked walls, if of not too long a duration, will
result only in a minor change in the conditions obtained by the baking, and [éé
the amount adsorbed at a lower pressure appears quite negligible, which becomes
understandable when assuming that, even after baking, n (where 8 = -ﬁ}-), re-
mains relatively large and is constituted of particles that are strongly bonded%
to the solid (E~K). |

Several surface models can be imagined (Fig.9).

a) External Surface without Pores or Cracks

In this case, it is difficult to conceive a very large specific surface.
In fact, if the roughnesses are compared to square pyramids with a slant height
equal to 70% of the base, the value of £ will become 1.l. Taking the micro-
roughnesses f = (1.4)" into consideration in the same manner, where n is the
number of these superposed pyramids, the maximum conceivable for a macroscopi-
cally plane surface apparently will be n = L, i.e., f,,, will be of the order

of 4. The external surface, consequently, cannot be much larger than L - 5

times the apparent geometric surface.

b) Internal Surface

The concept M"surface™ can be extended to a very slight depth below the
geometric surface, taking into consideration the internal surface which con-
sists of the total surface of pores and crazings (or of grains) in this layer.

As a practical example, we suggest two models based on this concept:

1) A single layer of grains resembling parallelepipeds of D x D base
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dimensions and of a height d, adjoining a specific surface:

- d
Amaap

As an example, for

d = 104 emondD = 10°° em we have f~40 |

b
D
N 10-2 | 10-* | 10~ | 10°%

104 1.04 1.4 5 40
10-3 1.4 5 40 400

2) Several layers of spherical grains, having a radius of r and a thick-

ness of d:

: -

N’?i

. ﬂ\&.

As an example, for

4= 108 cmand r = 1077 cmx we have

ol Tan s, e

14
- d\ 1004 | 105 | 107 | 107
101 1.6 16 160 1600
10-5 — 1.7 16 160
5.10-8 — — 8 80
10-6 — | = 1.6 16

These two latter,ﬁodels<thus permit an inﬁerior surface several orders of
magnitude larger than the apparent geometric surface, over a thickness of the
order of 1 micron or even less, depending on the grain dimensions. Obviously,
these models must be compared with physical reality, but we will give no 167
fundamental discussion of this aspect of the physics of solid surfaces. It will
be recalled here that the Beilby layer which incidentally is highly contro-
versial, assumes the existence, on the polished metal surface, of grains of

extremely small dimensions whose surfaces are coated with adsorbed gases. Even
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aside from the existence of this almost amorphous layer, the metals conven-
tionally used in vacuum technology are composed of crystallites whose dimen-

sions vary widely according to the treatment used but whose surfaces are coated

Differential
pressure gage

Manomeler .

‘!

Gas reservoir

Test cell . Cryostat

_Compensation

cell

Fig.10 Measurement of a Specific Surface

e ()G (-2

with impurities and, specifically, with adsorbed gas. Numerous practical ex-
periments have been made (Bibl.13, 1, 15, 16, 17, 18) by the flash-filament
technique in which wires or strips of refractory metals such as tungsten or
platinum are used; this process uses surfaces consisting of very large grains
or even of single crystals, obtained by vacuum-cleanup at very high temperature;
thus, it is not surprising that the specific surface in this case is of the
order of magnitude of 1.5. Sorption experiments made on thin vapor-deposited
films, conversely, have revealed specific surfaces of several orders of magni-
tude, depending on the degree of fritting of the coating.

In this latter type of experiment, it was proved that an adsorption of
gases on this interior surface occurred, by intergranular diffusion. In the

case of adsorption, this diffusion may well be the mechanism controlling the
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rate of adsorption. Conversely, in the case of desorption which requires a
relatively elevated activation energy, the rate of desorption - except during
an initial transitory period of operation - is determined by the surface de-
sorption, provided that the layer to be traversed by the particles desorbed
from the interior surface is not too thick and that the dimensions of the in-
terstices are very much greater than those of the molecules.

The type of diffusion discussed here and which, in certain cases, may
control the entire process should not be confused with diffusion properly
speaking, i.e., with intracrystalline diffusion; rather, this type of diffusion
is either a surface diffusion due to the mobility of the adsorbed particles orj
else a Knudsen flow with possibly multiple intergranular adsorptions and de-
sorptions. The mathematical formula complex, for this type of diffusion, is
reduced to the same law where q is inversely proportional to the square root
‘of t.

Within the scope of surface studies, we started measuring some specific
surfaces by the BET method (Bibl.19, 20), adapted to very thin surfaces by
using a differential device which eliminates the influence of the test-chamber
surfaces (see schematic sketch in Fig.l5).

A differential diaphragm gage is used for measuring the pressure difference
produced by the physical adsorption of krypton on specimens transferred from
the chamber V% at ambient temperature into the chamber V at liquid-nitrogen
temperature. A specimen of the same volume but having a much smaller surface
igs transferred at the same time into the compensation chamber.

The specific surface f can be calculated by
N |
/:Mr’(% v (go_ )[l (,__)g].
5. R 760 7",,+7~) » etV 7 w
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where
Ny = Loschmidt number

oy, = surface occupied by one krypton atom

Ap = measured pressure difference
R = ideal gas constant
S, = apparent geometric surface of the specimen

Vo = volume of the chamber at the ambient temperature To
V = volume of the adsorption chamber at the temperature T
o = vapor pressure of krypton at the temperature T

p = working pressure

C = BET constant: e
(E; = binding ene—— ~* the first layer
~ 160
E; = binding energy o. the following layers).

The following preliminary results were obtained for some metals:

aluminum, very thin sheets ..iccceciveviecscenss £ =6

copper, sheets of 1 mm, crude seeesssesssssreeee L =14
stainless steel NS 22 S, sheets of 1 mm, crude .. f =8

26

mild steel (silicon steel) eevececscescsrscescees T

aluminum, anodized (thickness of
layer’ 20 p) ® 0 0 60 9% 00 00000 OO0 OO OSSO OO E O SO0 e f=9m

These figures are of a preliminary nature in that the experimental device
did not permit working under the strict conditions required because of the out-
gassing of the specimens at elevated temperatures in ultrahigh vacuum, the
precise measurements of p, and the extremely small pressure differences with
respect to the working pressure (4p/p < 107®). Nevertheless, the order of mag-

nitude of the figures obtained for the tested metals agrees well with the order
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of magnitude of their desorption rate. However, the values for the specific
surfaces are not extremely high, which possibly might indicate that the available
experimental device does not yet permit measuring the total surface in view of :
the fact that the interior surface is partially inaccessible to the krypton
atoms, either due to the fact that these atoms are too large for penetrating
easily through all the interstices and pores or to the fact that these latter
remain partly filled with water vapor which is converted into ice before con-
densation of the krypton or of other adsorbed gases.

Additional experiments will be run so as to gain better access to the /68

interior surface.

9. Desorption of Baked Surfaces

The experimental curves q = f(t) are valid for unbaked surfaces. After
bake-out, the rate of desorption normally drops by several orders of magnitude
and its measurement becomes quite difficult. Therefore, it is not possible to
make any definite statements as to the slope of the curves q = f(t) in this
particular case; however, it seems quite possible that the slope will be much
more shallow and definitely inferior to 0.5 as soon as rates of the order of
10’ particles/sec  cn® or less are reached (Bibl.21).

The diffusion of gases from the interior of the matter becomes prepond-
erant and, finally, the permeation of the exterior will establish the lower
limit of the desorption rate.

It is of importance to take the influence of adsorption above the residu-
al pressure into consideration. It is certain that the desorption is then no
longer independent of the pressure since the number of desorbed particles be-

comes increasingly a function of the pressure, finally leading to an equili-
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brium at a given pressure where just as much gas is adsorbed as desorbed,
before the limit established by the permeation is reached so that no more
effective desorption can be measured at this particular pressure.

This clearly demonstrates the importance of ultrahigh vacuum techniques
for studying very low rates of desorption (of diffusion, or of permeation).
Here, measuring the pressures and specifically the very minor pressure differ-
ences constitutes an extremely difficult problem. The use of high-sensitivity
mass spectrometers becomes indispensable. The influence of the testing devices
on the phenomenon to be measured becomes very difficult to eliminate.

One of the most important topics for future research will be an experi-
mental separation of the phenomena of permeation, diffusion, and surface de-

sorption, specifically for very low overall desorption rates.
10. Conclusions

The experimental curves of desorption under vacuum of unbaked metallic
materials can be qualitatively and quantitatively explained by the desorption
of a monomolecular layer chemisorbed from a surface which, in addition to the
external geometric surface, also comprises an interior surface, using extremely
simple hypotheses on the binding energies. Several tests and measurements on
specific surfaces apparently confirm our interpretation.

We are convinced that our results constitute only a beginning and that the
discussion on the subject of desorption is :still wide open. For the immediate
future, we would suggest the following items for future research:

Specific surface: size, geometry, édequate models for describing the
sorption phenomena.

Experimental separation of diffusion and surface desorption phenomena.
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'search on heterogeneous catalysis (Bibl.19, 22, 23) although the final aims

Physico-chemical nature of the surface (specifically of oxides).

Binding energies of adsorbate-adsorbent (specifically, H,O on metalli&
|
|

oxides). |

i

Correlations between these energies, adsorption sites, and rate of §

i
i
i
i
i
i

deposition.

Mechanisms of dissociation and association of molecules on the surface

It is obvious that, in many aspects, this research will overlap the re- [

are not always the same and the experimental techniques may often differ.

12.

BIBLIOGRAPHY

Dayton: Outgassing Properties of Materials, 1953.

Dayton: Ultimate Pressure in Kinetic Vacuum System, 19.,8.

Dayton: Relation between Vacuum Chamber, Outgassung Rate and Pumping
Speed. AVS Transactions, Pergamon, 1959.

Blears: A.V.S.T., Pergamon, 1960.

Jaeckel, Schittko: Research Reports of the Ministry for Economy and Commu—?
nications, North-Rhine Westphalia, No.369, 1957.

Santeler: A.V.S. Transactions, Pergamon, 1958.

Power, Crawley: A.V.S5.T., Pergamon, 1960.

Henry: Le Vide, Vol.82, pp.226-240, 1959.

Geller, R.: Le Vide, Vol.69, pp.195-201, 1957.

Boulassier, J.C.: Le Vide, Vol.80, pp.39-44, 1959.

Krauss: Vakuumtechnik, Vol.8, pp.39-43, 1959. A.V.S. Transactions,
Pergamon, 1958.

Trapnell: Chemisorption, Butterworths, London, 1955.

33



13.

1.
15.

16.
17.
18.
19.
20.
21.
22.

23.

NASA TT F-9332

Beeck: Trans. Faraday Soc. Conference on Solids, April 1950.

Becker: J. Phys. Chem., pp.153-159, Febr. 1953.

Roberts: Proc. Roy. Soc. A., Vol.152, pp.Lh5-LL7, 1935; ibid. A,
pp.161-141, 1937.

Eisinger: J. Chem. Phys., Vol.29.5, pp.1154-1160, 1958.

Eisinger: J. Chem. Phys., Vol.28, pp.l63-166, 1958.

Eisinger: J. Chem. Phys., Vol.27.5, pp.1206-1207, 1957.

Fmmet: Catalysis, Vol.l, Reinhold, New York, 1954.

Haul, Dumbger: Chemie Ing. Techn., Vol.32, No.5, pp.349-354, 1960.

Alpert: Handbook of Physiecs, Vol.1l2, Springer, Berlin, 1958.

-~ Advances in Catalysis, Vol.XI, Academic Press, New York, 1959.

Gomer, Smith: Structure and Properties of Solid Surfaces. University

Press, Chicago, 1955.

3L



